Abstract: Glucosinolate (GSL) profiles and concentrations in various tissues (seeds, sprouts, mature root, and shoot) were determined and compared across nine Brassica species, including cauliflower, cabbage, broccoli, radish, baemuchae, pakchoi, Chinese cabbage, leaf mustard, and kale. The compositions and concentrations of individual GSLs varied among crops, tissues, and growth stages. Seeds had highest total GSL concentrations in most of crops, whereas shoots had the lowest GSL concentrations. Aliphatic GSL concentrations were the highest in seeds, followed by that in sprouts, shoots, and roots. Indole GSL concentration was the highest in the root or shoot tissues in most of the crops. In contrast, aromatic GSL concentrations were highest in roots. Of the nine crops examined, broccoli exhibited the highest total GSL concentration in seeds (110.76 µmol·g ). The lowest GSL concentrations were observed in radish across all tissues examined.
Results and Discussion

Variation in GSL Concentration in Seeds
This study focused on examining the GSL profiles and their concentrations in various tissues and growth stages of nine Brassica crops. A total of 12 GSLs belonging to the three chemical classes were analyzed; these included nine aliphatic, one indolyl, and two aromatic GSLs. Identification and quantification of GSL peaks by chromatography were based upon the known concentrations of commercial standards and their retention time. A typical GSL chromatogram of standard mixture (A) and sample extract (B) is shown in Figure 1 . Detailed information of individual desulfo-GSLs and their concentrations in the seeds of all nine Brassica crops examined were recorded (Tables 1 and 2 ). These data show that the concentrations varied depending on the plant type and structure. The most commonly observed GSL was BRA, although it was present in lower quantities than the other GSLs. ) than the other GSLs. GRE was only found in radish and baemuchae. These crop-dependent dominant GSLs were in good agreement with the results of previous studies [4, 28] . Total GSL concentrations varied significantly among the crop types, with broccoli, cabbage, and pakchoi showing relatively higher total GSLs (<100 µmol·g ) than the other crops. Radish seeds showed exceptionally lower total GSL content (2.45 µmol·g
) across all crop types examined.
Variation in GSL Concentration in Sprouts
The GSL profiles and concentrations in nine-day-old Brassica sprouts were also compared. NAP, BRA, and NAS were the most common GSL present in all crops examined (Table 3) . SIN was a major GSL in cauliflower (33.90 µmol·g ) sprouts, as found in seeds. ERU has both direct and indirect antioxidant effects [29] ; therefore, the presence of ERU at a higher ratio in broccoli, cabbage, and radish suggested that these crops had more health benefits than the other crops examined.
Similar to seeds, GRE was only present in radish and baemuchae; however, the values in nine-day-old sprouts were relatively lower than those in seeds. Total GSL concentration also significantly varied from 2.46 µmol·g in broccoli. Only six of the 12 GSLs identified in this study were observed in radish; these include GRA, GRE, NAP, ERU, BRA, and NAS. Moreover, these GSLs, except GRE, were detected in very minute quantities as compared to those in other crops. In contrast, the highest number of GSLs (10 GSLs) was found in cabbage. Total GSL concentration was relatively lower in 9 day-old sprouts than in seeds of cabbage, Chinese cabbage, baemuchae, kale, pakchoi, and leaf mustard, whereas it was exceptionally higher in broccoli (162.19 µmol·g
−1
). Furthermore, cauliflower and radish exhibited very similar GSL contents in both seeds and nine-day-old sprouts.
Variation in GSL Concentration in Shoots
The GSL profile and concentrations in the shoots of Brassica crops also showed different accumulation patterns (Table 4 ) and the genotypic variation was statistically significant; this may be attributed to the difference in the regulatory mechanism of genes involved in GSL biosynthesis [15] . PRO, BRA, and NAS were the most common GSLs found in all the crops examined. Among these, BRA was the most dominant GSL in cauliflower (2.56 µmol·g ), respectively. The highest concentrations of SIN observed in seeds and shoots was in good agreement with the results reported by Gupta et al. [30] , who analyzed 97 lines of leaf mustard. The concentrations of PRO, which was found in relatively higher quantities in the seeds of most crops examined, were considerably reduced in shoots, except for in radish and leaf mustard. Similarly, ERU, a major GSL in broccoli and cabbage seeds was not present in broccoli shoot and its concentration was considerably reduced in cabbage shoots, which might be due to the catabolic processes in play during the development of plant tissue. In addition to the seeds and sprouts, shoots of radish and baemuchae possessed GRE, and, in fact, at relatively higher concentrations. Total GSL content in most crops were considerably reduced in shoots compared to that on seeds and sprouts except for in leaf mustard, which possessed relatively higher total GSL content than that in sprouts. However, the value observed in this study was within the range of fully matured floret/leaf parts described in previous reports [5, 31, 32] .
Variation in GSL Concentration in Roots
In Brassica roots, the most abundant GSLs were ERU, BRA, and NAS, of which NAS was present in the highest quantity in almost all crops, ranging from 0.12 µmol·g (Table 5) . ERU was the second major GSL in broccoli, cabbage, radish, baemuchae, kale, and pakchoi and the concentration was higher than in shoots that suggests higher health beneficial value of root as ERU has several antioxidant effects [29] . In contrast, other GSLs showed different accumulation patterns depending on the crop type. Total GSL concentration ranged from 4.51 µmol·g in leaf mustard. Moreover, total GSL concentration was higher in roots than in shoots, which is mainly due to the relatively higher concentration of NAS in roots than in other tissues. This finding also indicates a higher nutritive value of Brassica roots as breakdown products of NAS are known to have potential beneficial effects on human health [33] . Likewise, total GSLs concentration in roots in all the crops in this study were relatively higher than in their fully matured edible parts, as described in previous reports [5, 26, 34, 35] . 
Overall Variation in GSL Concentration
Among the different tissues or growth stages, in most Brassica vegetables examined, the highest GSL concentrations were noted in seeds, which then gradually decreased in sprouts and other parts. However, individual GSL concentrations were not consistent across all tissues examined. These observations, in general, are in good agreement with previous reports of broccoli and Chinese cabbage [4, 36, 37] , and this might be due to the result of dilution caused by tissue expansion as a consequence of the metabolism of GSLs [37] [38] [39] . Furthermore, almost all the crops exhibited higher concentrations of GSLs in sprouts than in shoots. Similar results were also observed in sulforaphane and sulforaphene (hydrolyzed products from GRA and GRE, respectively) contents in broccoli and baemuchae [39] , respectively, which might be attributed to the dilution of individual GSLs across the stages of development. Likewise, similar to the previous report by Li et al. [40] , relatively higher GSLs levels could also observed in sprouts than in leaves in radish. However, an opposite trend was noted in leaf mustard, which showed higher GSL concentration in its shoots than in sprouts; this might be due to the difference in the regulatory mechanism underlying the GSL biosynthetic pathway [41] . Total aliphatic GSL concentration decreased in shoots than in seeds and sprouts for all crops examined, except leaf mustard. In contrast, BRA (an indole GSL) in shoots was higher than that in seeds and sprouts that could be due to de novo synthesis of this GSL during plant growth [38] .
Higher GSL concentrations were observed in roots than in shoots at the same developmental stages across all crops, which are in accordance with previous reports of radish and cabbage [35, 42, 43] . In addition, GSL distribution patterns and concentrations in roots and shoots differed, because both these tissues have different regulatory mechanisms of GSL biosynthesis and turnover [44] . The differences in GSL contents across shoots and roots were essentially due to the difference in the contents of some specific GSLs such as ERU and NAS. In accordance with Bellostas et al. [4] and Velasco et al. [45] , all the crops examined possessed relatively higher concentrations of aliphatic GSLs in their seeds, sprouts, and shoots, and their composition varied depending on the crop type and the tissues. Allelic variation in the genes encoding key regulatory enzymes at key points in the GSL pathway could also result in these differences [45] . Aliphatic GSLs constituted more than 85% of total GSLs in the seeds and sprouts of most crops, whereas they constituted 37%-98% of total GSLs in shoots.
However, among the aromatic GSLs, NAS was more dominant in the root than in other plant parts, except in radish. Similarly, higher NAS concentrations were also previously recorded [22, 35, 43] in cabbage and pakchoi roots, and the root GSLs exhibited higher variation than shoot GSLs. The higher total GSL concentrations and greater variation in their content in roots might be attributed to the higher survival pressure of roots because the roots endure numerous pathogens that are abundant in the soil environment. The different GSLs found in higher amount in the root may act as defensive compounds to deter invasion by these soil organisms [44] . PRO, one of the major GSLs in seeds and sprouts in most of the crops (except in pakchoi, leaf mustard, and radish) was present in relatively low concentrations in other parts examined. NAP, which was present in most of the crops and their respective tissues/developmental stages, was also present at the highest concentrations in seeds. However, radish and leaf mustard showed some unusual GSL content distribution. Furthermore, ERU was exceptionally lower or not found in shoots compared to other tissues in almost all crops examined. BRA showed opposite trend of accumulation with the highest content in shoot, which was gradually decreased in roots, nine-day-old sprouts, and was the lowest in seeds in most crops. Similarly, higher BRA content was also previously reported in mature tissues of Arabidopsis thaliana [46] , likely due to the de novo synthesis of BRA with growth of these crops [38, 47] . The NAS content was high in roots than in seeds, sprouts, and shoots in most crops examined, which resulted in higher levels of total GSL in roots. Such a remarkable variation in GSLs content and profiles within different tissues of a crop and among the different crops reflect variations in the control mechanisms underlying GSL biosynthetic pathways in different tissues of a single plant or might result from alternation in substrate availability [41] or selective catabolism of certain GSLs, which has previously been observed in other species belonging to the order Capparales [38, 46, 47] . To our knowledge, this is the first report of tissue distribution of several Brassica crops with accurate and speedy quantification (with in 18 min) using authentic 12 GSLs standards in UPLC while most of the other previous reports were based on the response factor or LC-MS based method.
Correlationships among GSLs
To understand the distribution patterns of the various GSLs and the composition content of total GSLs identified in Brassica crops, we evaluated the correlationships among different GSLs regardless of plant genotypes and the tissue examined (Table 6 ). All GSLs exhibited either significantly positive or no correlationship in that only aliphatic GSLs showed significant positive correlations, which is due to the biosynthetic relationships among aliphatic GSLs [48] . PRO, EPI, GRA, and ERU showed significantly positive correlationships with each other as well as with total GSLs. PRO, which was present in most of the crops and their parts in considerable amounts, exhibited the highest positive correlationship (p ≤ 0.001) with EPI (r = 0.944 ***), which was followed by GRA (r = 0.709 ***) and ERU (r = 0.649 ***). Furthermore, these GSLs also showed strongly positive correlationship with each other because all of these GSLs are 4 carbon aliphatic GSLs and follow quite similar biosynthetic pathway [15] . NAP and BCN also showed positive correlationship (r = 0.356 *, p ≤ 0.05) with each other. ERU exhibited highest positive correlation with total GSLs (r = 0.701 ***), which was followed by PRO, EPI and GRA. In contrast, other aliphatic GSLs such as IBE, SIN, and GRE showed no relationships with total GSLs. Similarly, none of the aliphatic GSLs showed significant correlations with indole GSL (BRA) and aromatic GSL (NAS) as they are derived from different amino acid precursors [15] . Furthermore, BRA and NAS showed no correlation with total GSLs, which might be because these GSLs were present in very minute quantities. However, a strong positive correlationship could be observed between NAS and total GSLs content in root parts (data not shown) that was due to the exceptionally higher content of NAS in roots.
Experimental Section
Plant Materials, Cultivation, and Sampling
Nine commercial Brassica vegetables were used in this study: baemuchae (cv. BB no.1), broccoli (cv. greendom), cabbage (cv. rudia), cauliflower (cv. snowdream), Chinese cabbage (cv. Seoul), kale (cv. matjjankale), leaf mustard (cv. akiobatacana), pakchoi (cv. chingen sai), and radish (cv. chunglyongmu). Seeds of cauliflower, broccoli, cabbage, and leaf mustard were obtained from Takii Co. (Kyoto, Japan); seeds of baemuchae, kale, and pakchoi were obtained from Asia Seed Co. (Seoul, Korea); and seeds of radish and Chinese cabbage were obtained from Koregon Co. (Seoul, Korea) and Syngenta Co. (Auckland, New Zealand), respectively. All vegetables were grown in a greenhouse at Chonbuk National University, Jeonju, Korea (50 m altitude, 35°49ʹN and 127°09ʹE). Seeds were sown on 5 September 2013 and tissue samples were harvested at two stages. The first harvests was performed 9 days after sowing, while the second harvest was performed either at 55 or 81 days after sowing, depending upon the optimal growth for harvest of the edible plant parts. Baemuchae, kale, leaf mustard, and radish were harvested at 55 days after sowing, whereas the other vegetables were harvested at 81 days after sowing. After harvest, whole plant parts from the first harvests were used for the study, and second-harvest samples were divided into shoots and roots. All the tissue samples were freeze-dried, ground into fine powder, and stored at −20 °C until GSL analysis. 
GSL Analyses
Sample preparation and GSL analyses were performed according to a modified version of the method described by Lee et al. [49] . Briefly, freeze-dried powder samples (0.1 g) were extracted with 2 mL of boiling methanol (70%) for 20 min and centrifuged at 12,000 rpm for 10 min at 4 °C. Thereafter, the pellet was re-extracted once more and the supernatants were pooled. The crude GSL extract was loaded onto a Mini Bio-Spin chromatography column (Bio-Rad Laboratories, Hercules, CA, USA) containing 0.5 mL of DEAE-Sephadex A 25 anion exchange resin, which was pre-activated with 0.1 M sodium acetate (pH 4.0). Next, desulfation was carried out by the addition of 200 µL of purified aryl sulfatase (EC 3.1.6.1, type H-1 from Helix pomatia). The column was capped and allowed to stand at room temperature for 24 h, and the desulfo-GSLs were eluted with 1.5 mL distilled water, filtered through a 0.2-µm syringe filter, injected into H-Class UPLC system (H-Class, Waters Co., Milford, MA, USA) using an Acquity UPLC ® BEH-C18 column (1.7 µm, 2.1 × 100 mm; Waters Co.), and its absorbance spectrum was measured at 229 nm with a photodiode array (PDA) detector. Solvent A (100% distilled water) and solvent B (20% acetonitrile in water) were used for the elution of compounds at the flow rate of 0.2 mL·min . The gradient programs were as follows: a linear step from 1% to 99% of solvent B within 6 min, followed by constant conditions for up to 10 min, and then a quick dropdown to 1% of solvent B at 12 min, and isocratic conditions of 1% of solvent B up to 18 min.
Authentic standards of GSLs were desulfated and used for the identification and quantification of the peaks. Concentrations of individual desulfo-GSLs were determined from the experimental peak area by analytical interpolation in a standard calibration curve of each desulfo-GSL across different ranges depending upon the GSLs and were expressed as micromoles per gram (µmol·g −1 ) of dry weight.
Authentic Standards and Chemicals
Twelve GSL standards, including glucoiberin (IBR), progoitrin (PRO), epiprogoitrin (EPI), glucoraphanin (GRA), glucoraphenin (GRE), sinigrin (SIN), gluconapin (NAP), glucobrassicanapin (BCN), glucoerucin (ERU), glucobrassicin (BRA), glucobarbarin (BAR), and gluconasturtiin (NAS), were purchased from Cfm Oskar Co. (Marktredwitz, Germany). Diethyl aminoethyl (DEAE), Sephadex-A25, and aryl sulfatase (EC 3.1.6.1, type H-1) from H. pomatia were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals, including acetonitrile (HPLC grade), and formic acid (ACS reagent), were purchased from J.T. Baker (Phillipsburg, NJ, USA).
Statistical Analysis
Independent measurements in triplicate were used for each sample in all statistical analyses. To determine concentration differences among vegetables and their respective tissues, a one way analysis of variance (ANOVA), followed by Duncan's multiple-range test (DMRT), were performed at a significance level of α = 0.05, using SAS ® 9.2 software (SAS Institute Inc., Cary, NC, USA, 2013).
Conclusions
The present study describes the accumulation patterns of individual GSLs in different tissues of nine Brassica crops. Our results indicate that the content and composition of GSLs in Brassica vegetables depend on the tissue type as well as the plant's genotype. The total GSL concentration was the highest in seeds followed by that in sprouts, roots, and shoots. Collectively, our results highlight the distribution of different GSLs within the different tissues of a plant and among the different Brassica crops. The relatively high contents of aliphatic GSLs (IBE, PRO, EPI, GRA, SIN, GRE, NAP, BCN, and ERU) in seeds and sprouts, and that of aromatic GSL (NAS) in root parts suggest the higher nutritive value of these tissues. In addition, the relatively high content of NAS in the roots of all the crops examined suggests that the roots of these Brassica vegetables could be used for the extraction of GSLs in nutraceutical industry.
